The increasing antimicrobial resistance found in the many clinically important species of bacteria that commonly cause serious and life-threatening diseases presents a difficult challenge for clinicians, especially when an appropriate initial therapy must be chosen. New antibiotics are urgently needed to address the formidable issues associated with infections caused by vancomycin-resistant enterococci (VRE), methicillin-resistant Staphylococcus aureus (MRSA), penicillin-resistant Streptococcus pneumoniae and multidrug-resistant Gram-negative bacteria. The need for new antibiotics that effectively resist antimicrobial mechanisms of resistance has become paramount. Tigecycline is a new antimicrobial agent; it is the first in a new class of antibiotics, the glycylcyclines, with properties conferring the ability to overcome many common resistance mechanisms, thus allowing the use of tigecycline for many serious and life-threatening infections for which the use of other antibiotics is no longer appropriate. Tigecycline is a novel expanded spectrum antibiotic that appears poised to meet the latest bacterial challenges facing clinicians, including the serious and life-threatening infections caused by highly resistant bacteria. Tigecycline, moreover, appears to hold promise as a new, versatile antibiotic that can be chosen for empirical therapy, even as a single agent, for initial therapy of many clinically important infections.
Changing and worsening trends of antimicrobial resistance among bacteria that commonly are responsible for serious infections present difficult challenges for clinicians; there is a need for newer and more powerful agents, especially for empiric therapy of seriously ill patients. The effectiveness of currently available antibiotics is decreasing due to the increasing number of resistant strains causing infections. New and novel antimicrobial agents are urgently needed to meet the challenge posed by the emergence of multidrug-resistant microorganisms. Moreover, the emergence of clinical resistance to previously active antibacterial agents among many clinically significant bacterial species has had a significant impact on empiric therapy choices available to the prescribing clinician [1] [2] [3] [4] [5] .
Recently, much data has been published that suggests that antimicrobial resistance among pathogenic bacteria is leading to worsening of patient outcomes, including increased rates of mortality in both Gram-negative and Grampositive bacterial infections. In a recent retrospective, observational cohort study of outcomes in Enterobacter bacteremia, it was reported that the 30-day mortality rate of patients infected with resistant organisms was significantly greater than for patients infected with susceptible bacteria (33.7% versus 18.6%; p = 0.021). The authors concluded that broad-spectrum cephalosporin resistance negatively affects patient outcomes in those afflicted with Enterobacter bacteremia, especially in those patients without a discernible primary site of infection and in those with septic shock [6] . In a study of hospital-acquired Staphylococcus aureus bacteremia, a strong statistical trend towards death due to nosocomial methicillin-resistant Staphylococcus aureus infection and bacteremia, when compared with infections due to methicillin-susceptible Staphylococcus aureus, was reported [7] .
In the hospital setting, when patients are diagnosed with a serious infection, bacterial cultures and multiple other tests are performed, and empiric antimicrobial agents are administered. Choice of empirical therapy in serious infections, such as bacteremia, is critical. It is important to choose an antibiotic regimen to which the pathogens are susceptible. In a study of bloodstream infections in an Israeli university hospital during 1988-1994, inappropriate empirical antibiotic therapy was associated with a significant increase in mortality in patients with bacteremia. A multivariable logistic regression analysis yielded an odds ratio of 1.6 (95% confidence interval=1.3-1.9) for the contribution of inappropriate empirical therapy to mortality that was independent of other risk factors [8] . Another study documented the deleterious effects on clinical outcomes associated with delay of appropriate therapy for hospitalacquired Staphylococcus aureus bacteremia. In a multivariate analysis, a delay in initiating appropriate treatment was found to be an independent predictor of bacteremia-related mortality (odds ratio, 3.8; 95% confidence interval = 1.3 -11.0; p=.01) and longer hospitalization (20.2 days versus 14.3 days; p=.05) [9] .
The fundamental requirements of a desirable antibiotic that is to be used empirically for serious infections in which antibiotic-resistant organisms may be responsible, include high potency with proven clinical activity and safety, limited potential for the development of antimicrobial resistance to the agent, and low propensity for adverse events and drug interactions. Reasonable options for empiric therapy have been dwindling, largely due to the development and spread of resistance mechanisms among many genera of bacteria. Increasing rates of vancomycin-resistant enterococci, methicillin-resistant Staphylococcus aureus, penicillin-resistant Streptococcus pneumoniae and multidrug-resistant Gram-negative bacteria containing expanded spectrum beta-lactamases have severely limited the breadth of active antimicrobial agents that could be utilized in a medical institutional setting [3, 10] . Also of great concern to practicing physicians is the development of vancomycin-resistant Staphylococcus aureus in the hospital setting and the increasing participation of methicillin-resistant Staphylococcus aureus as a community pathogen. The increase in the prevalence of these multidrug-resistant bacteria has led to increased usage of combination therapy, in which two or even three antimicrobial agents are commonly used in the initial treatment period, with the associated disadvantages of increased drug acquisition costs and administration, and increased risks of adverse drug reactions and interactions with other drugs administered to the patient [11, 12] .
Tigecycline, (9-t-butylglycylamido-minocycline; GAR-936, Wyeth Laboratories, Collegeville, PA), is a new glycylcycline that has been developed and is being studied in human clinical trials. In vitro testing with tigecycline has revealed potent antibacterial activity against a large number of disease-causing Gram-positive and Gram-negative aerobic bacteria, and anaerobes, including Staphylococcus aureus, Enterococcus species, Streptococcus pneumoniae, Hemophilus influenzae, Moraxella catarrhalis, Neisseria gonorrhoeae, and most Enterobacteriaceae and Bacteroides species [13] .
Tigecycline has limited or no in vitro activity against Pseudomonas aeruginosa, and reduced activity against indole-positive Proteae and Proteus mirabilis has been reported [14, 15, 16] . Additionally, tigecycline exhibits robust activity against bacterial isolates resistant to other antibiotic classes, including beta-lactams and fluoroquinolones, while resisting deactivation by most of the known tetracycline resistance mechanisms found in clinically significant bacteria [17] . Tigecycline is being evaluated as monotherapy for serious infections in human clinical trials as a result of its microbiological, pharmacodynamic and pharmacokinetic properties [18, 19] . Clinical trials comparing tigecycline to other antimicrobial agents are being performed in patients with complicated skin and skin-structure infections, intraabdominal infections and pneumonia [16, 20, 21] .
Tigecycline Chemistry and Mechanism of Action, and Overcoming Resistance Mechanisms
The tetracycline class of antimicrobials inhibits bacterial growth by binding to the bacterial 30S ribosomal subunit, which blocks entry of amino-acyl transfer RNA molecules into the A site of the ribosome. The elongation of peptide chains is prevented because there is no more incorporation of amino acid residues into the peptide chains. This results in overall inhibition of protein synthesis. Tetracyclines are, for the most part, bacteriostatic [19] .
Glycylcyclines are a novel group of antimicrobial agents. These agents retain a central four-ring carbocyclic skeleton of the tetracycline class that is crucial for antimicrobial activity. Modifications include substitution of an N-alkyl-glycylamido group on the D ring at the 9th position that confers a broader spectrum of activity; this modification gives this antibiotic the ability to evade tetracycline resistance mechanisms ( Figure  1 ). Tigecycline has a 9-t-butyl-glycylamido side chain on the central skeleton ( Figure 2 ). It has a molecular weight of 585. 65 Daltons and its chemical formula is C 29 H 39 N 5 O 8 [16, 18] .
Active efflux of drugs from inside the bacterial cell and ribosomal protection are the two main mechanisms of bacterial resistance to tetracyclines [22, 23] . The spread of resistance to tetracyclines by bacteria occurs through the acquisition of specific resistance genes, which are found in plasmids, conjugative transposons and integrons [19] . Tigecycline most likely overcomes these tetracycline resistance mechanisms due to steric hindrance by a large substituent at position 9 [24] .
Experiments conducted with dimethylsulphate modification of tetracycline and tigecycline binding sites, mutational analysis of 16S rRNA and tigecycline modeling at a previously identified tetracycline-binding site in the 30S ribosomal subunit support the importance of steric hindrance [17] .
Tigecycline activity has been studied in Escherichia coli KAM3 (acrB) strains containing plasmids encoding various different tetracycline-specific efflux transporter genes [tet(B), tet(C), and tet(K)]. In addition, the effects of multidrug transporter genes, acrAB, acrEF, and bcr, have been examined. These studies revealed that tigecycline exhibited potent in vitro activity against all three of the Tet-expressing, tetracycline-resistant strains. Minimum inhibitory concentrations (MICs) for the mutant strains were the same as those for the original strains. At a low concentration of tigecycline, it appears that the agent is not taken up by the Tet efflux transporter. This likely is the reason for the potent antimicrobial activity of tigecycline. The studies also suggested that tigecycline is a substrate of AcrAB and AcrEF, which have been reported to be resistance-modulationdivision-type multicomponent efflux transporters. Tigecycline MICs for organisms containing these multidrug efflux proteins increased fourfold [25] . In addition, it has been difficult to experimentally generate significant mutant bacteria exhibiting resistance to tigecycline. Among those mutants that have been generated, only marginal changes in susceptibility to tigecycline have been noted. Consequently, it has been surmised that clinically significant tigecycline resistance will not easily arise and will require more than trivial mutations in known resistance genes [24] .
In vitro Activity of Tigecycline
The spectrum of in vitro activity of tigecycline is displayed in Table 1 (aerobic Gram-positive bacteria), Table 2 (aerobic Gram-negative bacteria), Table 3 (anaerobes) and Table 4 (atypical organisms) [16] . 
Overview of Tigecycline

Reported Activity Against Large Collections of Multiple Species of Bacteria
The in vitro activity of tigecycline was evaluated with a collection of 11,859 bacterial isolates recovered from patients in the years 2000 and 2002. These patients were treated in 29 countries, and they were diagnosed with community-acquired respiratory tract infections (3, 317 Gram-positive and Gramnegative bacterial strains), and skin and soft tissue infections (8, 542 Gram-positive strains). Tigecycline's potency was demonstrated against oxacillin-susceptible and oxacillin-resistant Staphylococcus aureus (5,077 strains, MIC 90 =0.5 μg/mL), coagulase-negative staphylococci (1,432 strains, MIC 90 =0.5 μg/ mL), penicillin-susceptible and penicillin-resistant Streptococcus 90 ≤ 0.12 μg/mL). All strains were inhibited with ≤ 2 μg/mL of tigecycline, with no difference noted between tetracycline-resistant versus doxycycline-resistant bacteria. The authors concluded that tigecycline appears to be an attractive candidate for further clinical development and potential use in serious community-acquired respiratory tract infections and for skin and soft tissue infections [26] .
Overview of Tigecycline
Five thousand ninety-two blood culture isolates were collected by 29 laboratories that were located throughout the United Kingdom and Ireland in 2001 and 2002. Oxacillin resistance was found in 42% and 76% of Staphylococcus aureus and coagulase-negative staphylococci, respectively. Overall, in this study of bacteremias, tigecycline MICs were reportedly low for Gram-positive bacteria, including a large number of Enterococcus faecium strains. In vitro activity was also good for most of the tested Enterobacteriaceae, with exceptions for Proteeae and Enterobacter species [27] .
In another study with 1,087 bacterial strains from 12 Spanish medical centers, the in vitro activity of tigecycline against 14 bacterial species was compared to those of other antibiotics. Tigecycline exhibited potent activity against a wide spectrum were highly resistant to penicillin. Tigecycline was highly active against the pneumococcal strains, regardless of resistance or susceptibility to beta-lactams or macrolides, with tigecycline MICs ranging from ≤ 0.06 to 0.125 μg/mL. For the staphylococci, tigecycline MICs were ≤ 0.5 μg/mL for all strains. Tigecycline was also found to be equally effective against Enterococcus faecium and Enterococcus faecalis. Tigecycline activity against vancomycin-resistant enterococci could not be evaluated, as no vancomycin-resistant isolates were found in this collection [28] . Additionally, in this Spanish study, tigecycline MIC 90 s for all of the Enterobacteriaceae isolates ranged from 0.5 to 2 μg/mL. Tigecycline was the most active antibiotic after polymixin B, when tested against Acinetobacter baumannii, with greater than 90% of strains being inhibited by 8 μg/mL of tigecycline. In this collection of Acinetobacter baumannii strains, imipenem resistance was found in 28.1% of the isolates. At 4 μg/mL, tigecycline inhibited 86.7% of all the anaerobes, and its activity was uniform among the different species. The species that were tested included Bacteroides fragilis, other members of the Bacteroides fragilis group and toxigenic Clostridium difficile. Against Clostridium difficile, tigecycline inhibited 92.7% of isolates at 0.125 μg/mL, making tigecycline the most active of the agents tested, which included metronidazole [28] .
Another study compared the activity of tigecycline to minocycline, doxycycline, tetracycline, moxifloxacin, penicillin G, and erythromycin against bacterial isolates that were collected from infected human and animal bite wounds in humans. Two hundred and sixty-eight aerobic and 148 anaerobic strains of bacteria, including Pasteurella, Eikenella, Moraxella, Bergeyella, Neisseria, EF-4, Bacteroides, Prevotella, Porphyromonas, Fusobacterium, Staphylococcus, Streptococcus, Enterococcus, Corynebacterium, Propionibacterium, Peptostreptococcus, and Actinomyces species, were studied. Tigecycline MIC 90 s were ≤ 0.25 μg/mL for all anaerobic species and almost all aerobic Gram-positive and Gram-negative strains, regardless of the presence of tetracycline-resistant strains. The exception was Eikenella corrodens, for which the MIC 90 was ≤ 4 μg/mL. In addition, erythromycin-resistant and moxifloxacin-resistant fusobacteria were well inhibited by tigecycline with a MIC 90 of 0.06 μg/mL [29] .
Tigecycline's in vitro activity has also been assessed with a broad spectrum of bloodstream isolates selected for their geographic diversity in the SENTRY surveillance program.
Tigecycline was tested against 604 strains of Gram-positive cocci bacteria, 98 strains of Klebsiella pneumoniae and 78 strains of Escherichia coli. Ninety-six of the Gram-negative bacteria produced extended-spectrum beta-lactamases, confirmed by testing with clavulanate. Tigecycline displayed potent activity against the Gram-positive bacteria, with MICs ranging from ≤ 0.015 to 1 μg/mL and MIC 90 s that ranged from ≤ 0.05 μg/mL for the pneumococci to 0.25 μg/mL for the staphylococci. Tigecycline's MICs for the 176 Gram-negative isolates ranged from 0.06-4 μg/mL, with MIC 90 s of 0.25-1 μg/ mL. It was noted that the presence of extended-spectrum betalactamases had little effect on the in vitro activity of tigecycline. The authors of this study remarked that tigecycline displayed potent activity that was especially impressive against Grampositive cocci bacteria when compared to results obtained with vancomycin, linezolid or quinupristin/dalfopristin [13] .
Gram-positive bacteria
The in vitro activity of tigecycline was compared to nine other agents, using a recently developed worldwide collection of 10,127 staphylococcal, streptococcal and enterococcal isolates. These isolates were collected from 93 medical centers located in 29 countries. All streptococci were inhibited by tigecycline at 2 μg/mL or less. Tigecycline also exhibited equal activity against oxacillin-susceptible and oxacillin-resistant Staphylococcus aureus and coagulase-negative staphylococci (MIC 90 = 0.5 μg/mL). Additionally, tigecycline was the most active antimicrobial agent when tested against vancomycin-susceptible and vancomycin-resistant enterococci. Tigecycline's potent activity was evident against all strains of Streptococcus pneumoniae, viridans group streptococci and beta-hemolytic streptococci (MIC 90 s ≤ 0.12 μg/mL). Tigecycline exhibited very potent and broad-spectrum activity against enterococci and streptococci [26] .
Tigecycline's ability to inhibit vancomycin-resistant enterococci and staphylococci with diminished susceptibility to glycopeptides was evaluated with clinical isolates collected in Madrid, Spain, from 1998-2001. The vancomycin-resistant enterococci were Enterococcus faecalis (n=25), Enterococcus faecium (n=41), Enterococcus casseliflavus (n=21) and Enterococcus gallinarum (n=10). Twenty-eight of the isolates expressed the VanA phenotype, 38 expressed the VanB phenotype, and 31 expressed the VanC phenotype. Additionally, 54 strains of coagulase-negative staphylococci and six of Staphylococcus aureus isolates exhibiting reduced susceptibility to glycopeptides were also tested. All strains were inhibited by tigecycline at concentrations of from ≤ 0.03 to 1 μg/mL, regardless of resistance to tetracycline. Tigecycline testing revealed potent activity against glycopeptide-resistant enterococci, which included VanA, VanB and VanC phenotypes [30] .
In a study of 602 North American isolates of methicillinsusceptible and methicillin-resistant Staphylococcus aureus, tigecycline MICs ranged from 0.06 to 1.0 μg/mL. Tigecycline exhibited high activity with MIC 50 s and MIC 90 s of 0.12 and 0.25 μg/mL for methicillin-susceptible Staphylococcus aureus, and 0.25 and 0.5 μg/mL for methicillin-resistant Staphylococcus aureus, respectively [31] . In another trial with a clinical collection of 527 Gram-positive isolates from a Boston, Massachusetts hospital, tigecycline inhibited almost all of the strains at concentrations of ≤ 2 μg/mL, regardless of resistance to other tetracyclines. The exception was two strains of JK diphtheroids, for which the MIC was 4 μg/mL [32] .
In [33] .
In a study made with 201 Streptococcus pneumoniae isolates, tigecycline exhibited very good activity, with MICs ranging from ≤ 0.016 to 0.125 μg/mL. Tigecycline was more active than tetracycline, minocycline or doxycycline. Moreover, against 11 of 12 strains, tigecycline was bactericidal [34] . In another study involving 25 Canadian medical centers, 6,991 unique patient isolates of Streptococcus pneumoniae were collected, and 20.2% of these isolates were reported to be penicillin nonsusceptible, with 14.6% being penicillin intermediate (MIC = 0.12 to 1 μg/mL) and 5.6% being penicillinresistant (MIC ≥ 2 μg/mL). Against these bacterial isolates, tigecycline had very good in vitro activity [35] . In a recent study, tigecycline activity was evaluated with 107
Streptococcus pyogenes and 98 Streptococcus agalactiae isolates, collected at the Hospital Clínico San Carlos in Madrid, Spain, from 1994 to 2001. Variable susceptibility to tetracycline and no activity of erythromycin were noted for these isolates. Tigecycline was very active against all the isolates tested, including those resistant to tetracycline, with an MIC 90 = 0.06 μg/mL. All of the isolates were very susceptible to penicillin. Tigecycline was the most active after penicillin, and tigecycline exhibited more activity than minocycline, tetracycline, erythromycin, clindamycin and quinupristin-dalfopristin. No difference in the activity of tigecycline against tetracyclinesusceptible and tetracycline-resistant streptococcal isolates was noted; with tetracycline-resistant Streptococcus agalactiae and Streptococcus pyogenes isolates being inhibited by ≤ 0.25 and ≤ 0.06 μg/mL of tigecycline, respectively. The authors concluded that the potent activity of tigecycline against all of the isolates, regardless of resistance to erythromycin or tetracycline, suggested that tigecycline could be considered as an alternative to penicillin for the treatment of infections caused by these organisms [36] .
The in vitro activity of tigecycline was studied with 37 clinical isolates of vancomycin-resistant enterococci (including organisms carrying the VanA, VanB, VanC-1, and VanC-2/3 genes), 26 isolates of methicillin-resistant Staphylococcus aureus and 30 isolates of high-level penicillin-resistant Streptococcus pneumoniae. Tigecycline was highly active, with inhibition of growth of all isolates of vancomycin-resistant enterococci, methicillin-resistant Staphylococcus aureus and penicillin-resistant Streptococcus pneumoniae being noted with ≤ 1, ≤ 2, and ≤ 0.25 μg/mL of tigecycline, respectively. Time-kill experiments were also performed using vancomycinresistant enterococci, which did not show synergy or antagonism with tigecycline and quinupristin/dalfopristin [37] . In another study, the activity of tigecycline and daptomycin were studied against staphylococcal, enterococcal and streptococcal clinical isolates that were collected between 1990 and 1999 from various United States and Canadian medical centers. Tigecycline exhibited more in vitro activity than daptomycin, with MIC 90 s from 0.12 to 1 μg/mL for tigecycline versus 0.5 to 16 μg/mL for daptomycin [38] .
Tigecycline activity was studied alone and in combination with other antibiotics against multidrug-resistant strains of Enterococcus faecium and Staphylococcus aureus, consisting of two strains of vancomycin-resistant Enterococcus faecium, three glycopeptide-intermediately resistant Staphylococcus aureus strains and one methicillin-resistant Staphylococcus aureus strain. The activity of tigecycline was compared to that of vancomycin, gentamicin, rifampin, and doxycycline with time-kill studies and determinations of MICs and MBCs. Additionally, time-kill studies were performed to evaluate the activity of tigecycline in combination with vancomycin, gentamicin, rifampin, and doxycycline. Tigecycline alone actively inhibited the bacterial inoculums of all the tested strains. None of the other antibiotics exhibited enhanced killing activity, when combined with tigecycline, against vancomycin-resistant Enterococcus faecium. The tigecycline and gentamicin combination, however, did show some improved effects. The combination of tigecycline and gentamicin gave enhanced activity against the three Staphylococcus aureus isolates [39] .
Gram-negative bacteria
One hundred medical centers from 25 countries located throughout the world contributed 2,240 clinical isolates of Enterobactereriaceae and selected non-fermentative Gramnegative bacilli for evaluation. The Enterobactereriaceae were found to be highly susceptible to tigecycline, including those organisms that produced extended spectrum beta-lactamases. The tigecycline MIC 90 was 1 μg/mL, and 99.4% of the isolates were susceptible to tigecycline at ≤ 4 μg/mL. Diminished activity was recorded against Proteus mirabilis and indole-positive Proteus species. Tigecycline activity was very limited against Pseudomonas aeruginosa (16% susceptibility). Tigecycline exhibited very good activity when tested against other nonfermentative Gram-negative bacilli, including Acinetobacter species (96.1% susceptibility at ≤ 4 μg/mL), and Stenotrophomonas maltophilia (100% susceptibility) [40] .
Between October 1997 and June 2002, 7,566 unique patient respiratory tract isolates of Haemophilus influenzae and 2,314 unique isolates of Moraxella catarrhalis were collected from 25 medical centers in Canada; 22.5% of the Haemophilus influenzae isolates and 92.4% of the Moraxella catarrhalis isolates produced beta-lactamase. The MIC 90 against all isolates for tigecycline was 4 μg/mL (range of ≤ 0.06 μg/mL to ≥ 8 μg/mL) [41] . In another study, tigecycline activity was evaluated on a worldwide collection of 1,215 strains of Haemophilus influenzae, 495 strains of Moraxella catarrhalis and 17 strains of Neisseria meningitidis. Tigecycline was uniformly active against all of the isolates, including those strains producing beta-lactamase [42] .
From 1997 to 2000, 195 isolates of Stenotrophomonas maltophilia were collected in the Hospital Clínico San Carlos in Spain. All of the isolates were susceptible to minocycline, and 98% were susceptible to trimethoprim-sulfamethoxazole. Tigecycyline was found to be an active agent, with MICs that were three to four dilutions lower than tetracycline and two dilutions higher than minocycline. Tigecycline was found to inhibit 94.4% of the isolates when tested at 4 μg/mL. Tigecycline activity was greater than those of amikacin, ceftazidime and ticarcillin-clavulanate [43] .
In another survey, susceptibility testing was performed on 595 Acinetobacter isolates collected in the United Kingdom in 2000 from 52 sentinel clinical laboratories. Carbapenems, colistin, sulbactam, minocycline and tigecycline exhibited activity against greater than 80% of the isolates, while widespread resistance to cephalosporins, aminoglycosides and ciprofloxacin was noted. In the tetracycline class of antibiotics, the most active agent was minocycline, followed by tigecycline and then tetracycline. Both tigecycline and minocycline were noted to be able to overcome most bacterial resistance mechanisms operative in the Acinetobacter isolates [44] .
The activities of tigecycline and other antibiotics were studied with 90 isolates of Eikenella corrodens collected in Madrid, Spain. Tigecycline inhibited all of the isolates at concentrations between ≤ 0.06 and 4 μg/mL, with an MIC 90 = 2 μg/mL. Other MIC 90 s were 1, ≤ 0.5/0.25, 0.5, ≤ 0.12, ≤ 2, and 0.5 μg/mL for ampicillin, amoxicillin-clavulanate, cefotaxime, imipenem, chloramphenicol, and ciprofloxacin, respectively [45] .
Anaerobic bacteria
Tigecycline's in vitro activity against anaerobes was evaluated with 831 isolates comprising all of the species within the Bacteroides fragilis group. The bacteria were collected from various geographically diverse United States medical institutions from 1998 to 2000. Tigecycline was found to be more active than clindamycin, minocycline, trovafloxacin and cefoxitin, and less active than imipenem or piperacillintazobactam against all isolates when a breakpoint of 8 μg/mL was used to evaluate tigecycline activity [46] . [47] .
Atypical organisms
The susceptibilities of Mycoplasma hominis, Mycoplasma pneumoniae and Ureaplasma urealyticum were determined by agar dilution in an in vitro study of atypical organisms. Tigecycline was more active than tetracycline or minocycline when tested against 30 isolates of Mycoplasma pneumoniae (tigecycline MIC 90 =0.25 μg/mL). Twenty-nine isolates of Mycoplasma hominis were also susceptible to tigecycline, with an MIC 90 of 0.5 μg/mL. Ureaplasma urealyticum was less susceptible to tigecycline (MIC 90 =8 μg/mL for 25 isolates), when compared to tetracycline (MIC 90 =1 μg/mL) and minocycline (MIC 90 =0.25 μg/mL) [48] .
The in vitro activities of tigecycline, tetracycline, doxycycline and minocycline were evaluated against rapidly and slowly growing mycobacteria. The 76 clinical specimens of rapidly growing mycobacteria were identified as Mycobacterium fortuitum group (n=26), Mycobacterium abscessus (n=20), Mycobacterium chelonae (n=26), Mycobacterium immunogenum (n=1) and the Mycobacterium smegmatis group (n=1 isolate each of Mycobacterium smegmatis sensu stricto, Mycobacterium wolinskyi and Mycobacterium goodie). The slowly growing mycobacteria consisted of five species of bacteria (Mycobacterium avium complex (n=11), Mycobacterium lentiflavum (n=10), Mycobacterium kansasii (n =11), Mycobacterium marinum (n=11), Mycobacterium xenopi (n=1), and Mycobacterium simiae (n=1). Tigecycline was highly active against all of the rapidly growing mycobacterial isolates, with MIC 90 s of 0.25 μg/mL for Mycobacterium abscessus and < 0.12 μg/mL for Mycobacterium chelonae and the Mycobacterium fortuitum group. The tigecycline MICs were the same regardless of tetracycline activity and were 4-to 11-fold greater than those of the tetracyclines. No slowly growing nontuberculous mycobacteria were reported as susceptible to tigecycline.
Minocycline was more active than tigecycline when tested against Mycobacterium marinum and Mycobacterium kansasii. The authors concluded that tigecycline has potential as a new agent to control the rapidly growing mycobacteria, especially Mycobacterium chelonae and Mycobacterium abscessus [49] .
In another study, 37 isolates of Mycobacterium marinum from geographically diverse United States clinical laboratories were evaluated. Trimethoprim/sulfamethoxazole was the most active agent, with 91.9% of isolates determined to be susceptible. Tigecycline was reported to have an MIC 90 of 3 μg/mL, with the highest measured value found to be 24 μg/mL, which contrasts with an MIC 90 of 2 μg/mL for minocycline [50] .
Animal Models
The activity of tigecycline has been compared to vancomycin in experimental endocarditis in rats caused by vancomycin-susceptible and vancomycin-resistant Enterococcus faecalis, and by methicillin-resistant Staphylococcus aureus. In vitro, tigecycline was more active than vancomycin against these organisms. In this animal model, a catheter was placed across the aortic valve, with subsequent intravenous injection of bacteria 48 hours later, which lead to the development of endocarditis. Treatment with tigecycline or vancomycin was initiated 24 to 36 hours after bacterial injection. Tigecycline was noted to reduce bacterial vegetation titers by greater than 2 log 10 colony forming units when compared to untreated controls for both vancomycin-susceptible and vancomycin-resistant (VanA and VanB) Enterococcus faecalis strains. In addition, a reduction of more than 4 log 10 colony forming units of the methicillin-resistant Staphylococcus aureus isolate was reported. In this experimental model, tigecycline was more effective at reducing bacterial colony counts at a lower dose than vancomycin. This study revealed the therapeutic potential of tigecycline and the authors concluded that further investigations should be performed [51] .
The in vivo protective effects of intravenous tigecycline were examined in an intraperitoneal mouse model, with acute lethal injections of Escherichia coli, Staphylococcus aureus, and Streptococcus pneumoniae isolates. Tigecycline showed protection against Staphylococcus aureus, including MRSA strains, and strains containing tet(K) or tet(M) resistance determinants. Median effective doses ranged from 0.79 to 2.3 mg/kg of body weight. Against the Escherichia coli strains, tigecycline was active against those that were tetracyclinesensitive as well as those strains containing either tet(M) or the efflux determinant tet(A), tet(B), or tet(C), with median effective doses ranging from 1.5 to 3.5 mg/kg. In this model, the in vivo efficacy results corresponded with the in vitro activity of tigecycline [23] .
In a different study, also using a murine intraperitoneal infection model, both tigecycline and daptomycin demonstrated in vivo activity against glycopeptideintermediate Staphylococcus aureus, methicillin-resistant Staphylococcus aureus, and methicillin-susceptible Staphylococcus aureus strains. The median effective doses for tigecycline were 0.24 mg/kg body weight for the methicillinsusceptible Staphylococcus aureus strain, 0.72 mg/kg body weight for the methicillin-resistant Staphylococcus aureus strain and 1.9 mg/kg body weight for the glycopeptideintermediate Staphylococcus aureus strain. Tigecycline was noted to be more active than daptomycin against the glycopeptide-intermediate Staphylococcus aureus strain [38] .
Additionally, three Enterococcus faecalis and four Enterococcus faecium isolates with differing susceptibilities to vancomycin and tetracyclines were studied in a mouse peritonitis model. Tigecycline was found to be very active against the isolates, as all the isolates were inhibited by ≤0.125 μg/mL of tigecycline. Even with a single subcutaneous dose, tigecycline exerted a protective effect against all of the tested strains, including those containing the Tet(M) tetracycline resistance determinant, and the VanA and VanB strains [52] .
Tigecycline activity was investigated in vitro and in an experimental endocarditis animal model caused by injection of the susceptible Enterococcus faecalis JH2-2 strain, its VanA type transconjugant BM4316 and Enterococcus faecium HB217. Enterococcus faecium HB217 is a tetracyclineresistant, clinical VanA type strain. In the three study strains, tigecycline MICs were 0.06 μg/mL. It was noted that tigecycline diffused in a homogenous manner into the vegetations, and there was a lower clearance of tigecycline from aortic vegetations than from the serum. The bacteriostatic activity of tigecycline was not changed by increasing concentrations of antibiotics to more than 1 μg/mL when evaluated by in vitro pharmacodynamic studies. A postantibiotic effect occurred that ranged from 1 to 4.5 hours at concentrations of 1-to 20-fold the MIC. In this rabbit model, the elimination half-life from the serum ranged from 3.3 to 3.6 hours. No resistance was elicited in the bacteria. Tigecycline performed well in this endocarditis model, exhibiting a prolonged half-life and postantibiotic effect, and homogenous penetration into vegetations [53] .
The activity of tigecycline was evaluated in the prevention of death in a Legionnaires' disease guinea pig animal model. Tigecycline was found to be approximately as effective as erythromycin against intracellular Legionella pneumophila. Based on their findings, the authors of this study predicted that tigecycline would be effective for the treatment of mild Legionnaires' disease, but longer therapy (14 to 21 days) would be required for a cure, given the caveat that human pharmacokinetics are similar to guinea pig pharmacokinetics. Tigecycline, however, may not be the preferred drug for severe Legionnaires' disease, based on this animal data, especially for those patients that require hospitalization or are immunocompromised [54] .
The efficacies of tigecycline and vancomycin, with and without rifampin, were compared in a rabbit model of osteomyelitis caused by methicillin-resistant Staphylococcus aureus. One group of rabbits was untreated, and the other groups received 28 days of antibiotic therapy, with treatment beginning two weeks after intramedullary injection of methicillinresistant Staphylococcus aureus. Animals that had received tigecycline and oral rifampin (n=14) had a 100% clearance rate of the bacteria. Nine of 10 rabbits treated with tigecycline alone had bacterial clearance. Nine of 11 rabbits receiving vancomycin had clearance, while only four of 15 untreated controls had clearance. The authors stated that tigecycline appears to be an effective alternative to the use of vancomycin in the therapy of methicillin-resistant Staphylococcus aureus osteomyelitis [55] .
Tigecycline, gentamicin, piperacillin, alone and in combination, were studied in a murine model of Pseudomonas aeruginosa pneumonia. Combined tigecycline and gentamicin lead to significantly greater reduction of colony counts of Pseudomonas aeruginosa, when compared to the use of either agent alone. No enhancement of activity was observed when piperacillin was combined with either tigecycline or gentamicin. No antagonism between combined antibiotics was reported with any of the combinations. The authors concluded that the combination of tigecycline and gentamicin has potential therapeutic value for the treatment of Pseudomonas aeruginosa pneumonia and that further studies are warranted [56] .
Tigecycline and another experimental glycylcycline were studied in an experimental murine thigh infection model in neutropenic mice. After infection with various strains of bacteria, including Streptococcus pneumoniae, Staphylococcus aureus, Escherichia coli, and Klebsiella pneumoniae, therapy was initiated predominantly with a twicedaily dosing schedule. The results of this study were used to create a maximum-effect dose-response model that was used to determine the dose that produced a net bacteriostatic effect over 24 hours of therapy. Elimination half-lives of 1.05 to 2.34 hours and serum protein binding of 59% were noted for tigecycline. Similar activities were found against tetracyclinesensitive and tetracycline-resistant bacteria. In this model, the time that the antibiotic concentration remained above a certain multiple (range, 0.5 to 4 times) of the MIC appeared to be a better predictor of in vivo efficacy than C(max) or AUC. These results suggested that to achieve 80% maximum efficacy, the concentration of unbound serum tigecycline should be maintained above the MIC for at least 50% of the time [57] .
In another murine model with thigh and lung infections, the therapeutic efficacy of tigecycline was evaluated against methicillin-resistant and methicillin-susceptible Staphylococcus aureus, penicillin-resistant and penicillinsusceptible Streptococcus pneumoniae, Enterococcus faecium, vancomycin-resistant Enterococcus faecalis, Escherichia coli and Klebsiella pneumoniae. Effective static doses were determined; higher protective static doses were required for the infections caused by Gram-negative bacteria. The results of the study suggested excellent activity by tigecycline against a broad spectrum of organisms, including those exhibiting resistance to other antibiotics, in this murine thigh infection model. Tigecycline was found to be three-fold more active than vancomycin in the penicillin-resistant Streptococcus pneumoniae pneumonia model, and the authors concluded that tigecycline may be useful for Streptococcus pneumoniae pneumonia treatment [56] .
Additionally, the activity of tigecycline was evaluated in vivo in a rabbit meningitis model with by a penicillin-resistant Streptococcus pneumoniae strain that was originally isolated from the cerebrospinal fluid of a patient with meningitis. Tigecycline was found to have a long half-life with the high single dose used in this model. Tigecycline exhibited bactericidal activity, with a 2 to 3 log reduction in colony forming units per milliliter of cerebrospinal fluid. When vancomycin was given with tigecycline, greater clearance of the bacterial organisms was noted than that seen with either agent when administered alone. The authors concluded that tigecycline deserves further evaluation as a possible alternative antibiotic for the therapy of penicillin-resistant Streptococcus pneumoniae meningitis [58] .
Tigecycline and Pharmacokintics and Pharmacodynamics
Tigecycline is only available as an injectable antibiotic and is administered twice daily as a one-hour infusion. Most studies evaluating the pharmacokinetics of tigecycline have used single dose administrations in normal volunteers. When a single 100 mg intravenous dose was administered during one hour, the C max was 0.85 -1 μg/mL, the AUC 0-∞ was 4.2 -5.8 μg•hr/mL, and the half-life was 16 to 24 hours [59] . A linear dose response was observed for both the C max and AUC 0-∞ (0.20±0.05 μg/mL to 1.52 ± 0.16 μg/mL and 0.8 ± 0.36 μg·hr/mL to 8.6 ± 1.8 μg·hr/mL with 25 and 50 mg, respectively). In some studies, food or gender did not appear to significantly change the pharmacokinetics of tigecycline [16, 19, 59, 60] .
A Phase I, randomized, double-blind, placebo-controlled, ascending single dose study was performed with healthy male subjects to evaluate the safety, tolerability and pharmacokinetics of tigecycline. In order to measure dose proportionality and the effect of food on tigecycline pharmacokinetics, eight male subjects received 12.5, 25, 50, 75, 100, 200, and 300 mg over one hour. In this randomized, double-blind study, the C max and AUC 0-12 were linear, and ranged from 0.11-2.8 μg/mL and 0.9-17.9 μg•hr/mL, respectively. Food was reported to improve the tolerability of tigecycline, while not changing tigecycline's pharmacokinetic profile. The maximum tolerated dose during fasting was 100 mg, versus 200 mg when subjects were fed [61] .
In a multicenter, prospective, open-label trial of therapy of complicated skin and skin structure infections, the effects of multiple dosing of tigecycline were also evaluated. [21] . Tigecycline has a large and variable volume of distribution that has been found to range from approximately 5 to over 10 L/kg [59] [60] [61] . This is significantly greater than what has been measured with currently available tetracyclines [19] . The volume of distribution of tigecycline has been reported to be dose proportional, from 4.4 ± 0.9 L/kg with 25 mg to 10.8 ± 2.1 L/kg with a 150 mg dose [16, 59] . In addition, overall excellent tissue penetration was observed in a single dose study with rats. The highest levels of penetration were noted in the bone and bone marrow, followed by salivary gland, thyroid, spleen and kidney [62] . Cerebrospinal fluid concentrations of greater than 1 μg/mL at 3 hours that stayed at a steady state or increased at 6 hours were observed in a rabbit meningitis model, in which single doses of greater than 20 mg/kg of tigecycline were administered [58] .
Tigecycline protein binding has been measured to be approximately 68%. Tigecycline's half-life is 36 hours in humans. Less than 30% of tigecycline is excreted unchanged in the feces and urine, and tigecycline is metabolized primarily by liver glucuronidation. The AUC and C max of tigecycline are higher in patients with renal dysfunction; however, no dosage adjustments have been recommended. Currently, there is no data that establishes tigecycline pharmacokinetics and safety in patients with hepatic impairment or failure. It has been suggested that one should exercise caution with the use of this agent in patients with severe hepatic dysfunction, since most of the tigecycline is eliminated by the liver [16, 19, 63] .
In another pharmacokinetic study of tigecycline in healthy adult individuals and in volunteers with renal impairment, tigecycline exhibited approximate linear pharmacokinetics across all dose ranges. Tigecycline's long half-life, with a high volume of distribution, further suggested extensive tissue distribution. Within the study population, tigecycline pharmacokinetics was not altered by severe renal dysfunction or hemodialysis. Slight trends towards differences in tigecycline pharmacokinetics were noted, possibly due to age, gender or race. The authors stated, however, these differences should be further evaluated in larger populations [64] .
Animal studies have suggested that the pharmacodynamic parameter that appears to best predict bacteriologic eradication is the time above the MIC [19, 57] . In an in vitro pharmacodynamic infection model evaluating the activities of tigecycline, linezolid, quinupristin-dalfopristin, arbekacin, and daptomycin alone, and in combination, against two clinical strains of vancomycin-resistant Staphylococcus aureus, the combination of tigecycline and linezolid was reported to be the most potent [65] .
Limited human data is available reporting adverse events associated with tigecycline administration or interactions with other administered drugs. Expanded numbers of patients are being enrolled in clinical trials, and existing data from a limited number of these trials suggest that tigecycline is generally well tolerated and safe to administer. The most frequentlyreported adverse events associated with tigecycline administration are nausea, vomiting and headache [19] [20] [21] . Experience with currently marketed tetracyclines may suggest other tigecycline effects, such as deposition in teeth and bone during calcification and drug interactions with antacids, anticoagulants and other agents [19] .
TIigecycline Clinical Trials
Tigecycline has been evaluated in human Phase I and II clinical trials. Currently, tigecycline is being studied in patients with complicated skin and skin-structure infections, complicated intra-abdominal infections, and hospital and community-acquired pneumonias [16, 20, 21, 66] .
A Phase II, randomized, open-label study of complicated skin and skin-structure infections was performed in 14 centers in the United States between September 1999 and March 2001. Patients were administered 25 or 50 mg tigecycline intravenously every 12 hours for 7 to 14 days. The clinical and microbiological efficacy, tolerability and pharmacokinetics of these two tigecycline doses were evaluated. The primary end point was the clinically observed cure rate for those patients who had completed the test-of-cure visit. The clinical cure rate at the end of therapy and the bacteriological response constituted the secondary end points. One hundred and sixty patients were administered at least one dose of tigecycline, of which 109 were clinically evaluable and 91 were microbiologically evaluable. For the test-of-cure visit, the clinical cure rate in the 25 mg group was 67% (95% CI, 53.3% -79.3%) and 74% (95% CI, 60.3%-85.0%) in the 50 mg group. In the 25 mg group, 56% (95% CI, 40.0%-70.4%) of the patients had eradication of the pathogens versus 69% (95% CI, 54.2% -82.3%) in the 50 mg group. The most common adverse events were reported to be nausea and vomiting.
Additionally, in vitro tests evaluating susceptibility to tigecycline were performed with selected isolates from a clinical study for Streptococcus pyogenes, methicillinsusceptible and methicillin-resistant Staphylococcus aureus, Escherichia coli, Enterococcus faecalis, and Enterococcus faecium. All isolates had tigecycline MIC 90 s from 0.06 to 0.50 μg/mL. In this study, tigecycline appeared efficacious and demonstrated a favorable pharmacokinetic profile for hospitalized patients with complicated skin and skin-structure infections [21] .
The activity of tigecycline was also studied in a multicenter, Phase II, open-label study of patients with complicated intra-abdominal infections that required surgery. All patients were administered a loading dose of 100 mg of tigecycline, followed by 50 mg every 12 hours for 5 to 14 days. One hundred eleven patients with complicated cholecystitis, perforated and gangrenous appendicitis, or perforated diverticulitis and peritonitis, were enrolled into this study. Sixty-six patients were evaluated and all met the inclusion criteria. Cure rates at the test-of-cure visit and the end of treatment visit were reported as 67% (44 patients; 95% CI, 54.0%-77.8%) and 76% (50 patients; 95% CI, 63.6%-85.5%), respectively. For the intent-to-treat analyses, the cure rate at the test-of-cure visit was 55% (61/111 patients; 95% CI, 45.2% -64.45) and the end of treatment cure rate was 72% (80/111 patients; 95% CI, 62.8%-80.2%). The most common adverse events were reported to be nausea and vomiting. The authors concluded that tigecycline was safe and efficacious for patients with complicated intra-abdominal infections [20] .
Based on the results of the above Phase II studies, tigecycline appears efficacious and well-tolerated. Phase III trials are currently underway to further evaluate the safety and efficacy of tigecycline [16, 20, 21] .
Conclusions
In summary, tigecycline, the first in a new class, the glycylcyclines, appears to hold significant promise as a new agent that can be added to our antimicrobial armamentarium to help overcome antibiotic resistance among clinically important bacteria. Tigecycline confers broad antibiotic coverage against vancomycin-resistant enterococci, methicillin-resistant Staphylococcus aureus and penicillinresistant Streptococcus pneumoniae. Additionally, against Gram-negative bacteria, tigecycline is highly active against many species that are multidrug-resistant, including those containing extended-spectrum beta-lactamases and Acinetobacter species, although resistance to tigecycline by Pseudomonas aeruginosa and reduced susceptibility among Proteus species have been noted. In human clinical Phase II trials, tigecycline has been reported to be efficacious and welltolerated, and Phase III trials are currently being performed to evaluate tigecycline in serious diseases, such as complicated skin and skin structure infections, complicated intra-abdominal infections and infections of the lower respiratory tract. It is anticipated that tigecycline's broad spectrum of activity will allow clinicians to use this new agent for empiric therapy of many serious infections, including those in which extensive antimicrobial resistance could be expected. Additionally, the potency of tigecycline may allow it to be used as a single agent in some clinical settings.
